This study evaluated the effects of ceramic surface treatment agents on shear bond strengths to ceramic materials with and without thermocycling. Ceramic plates were prepared from feldspathic ceramic; AAA, lithium disilicate ceramic material; IPS e.max Press, zirconia ceramic; Lava. Ceramic surfaces were pretreated with one of five surface treatment agents (Clearfil PhotoBond mixed with Porcelainbond activator (PB), Clearfil SE One mixed with Porcelainbond activator (SO), Ceramic Primer (CP), Universal Primer (UP), Scotchbond Universal (SU)), and then a resin cement (Clapearl DC) was filled. After 0, 5,000, and 10,000 thermocycles, micro-shear bond strengths between ceramic-cement interfaces were determined. SU exhibited significantly lower initial bond strength to AAA and e.max than PB, SO, CP, and UP. For Lava, PB, SO, CP and SU exhibited higher initial bond strengths than UP. Thermocycles reduced bond strengths to all the ceramic materials with any surface treatment.
INTRODUCTION
With the increasing demands for esthetic dentistry, it is becoming popular to use all-ceramic restorations as an alternative to restorations with metal materials. All-ceramic restorations have many advantages in terms of color appearance including translucence and fluorescence and in biocompatibility [1] [2] [3] . Various all-ceramic restorative materials fabricated by distinct laboratory techniques have been introduced 4) . Feldspathic porcelain ceramics composed mostly of glass exhibit the highest esthetics, in which a reduction in filler particle composition increases translucence, but decreases the mechanical properties 5, 6) . On the other hand, lithium disilicate ceramics have improved flexural strength because of an increased crystal content of about 70% and refined crystal size, which provides superior translucent properties even with the higher crystal content due to the relatively low refractive index 7) . Zirconia ceramics have significantly higher flexural strength and fracture toughness than the other dental ceramic materials 7, 8) , but have poorer translucent properties with a higher refractive index 9, 10) . The clinical success of ceramic restorations depend upon the bonding abilities between resin cement and ceramic materials as well as between resin cement and tooth substrates, because they can reduce recurrent caries and post-operative sensitivity by preventing marginal leakage, and protect against fracture of tooth and the restorative materials 11) . In order to improve adhesion to ceramic materials, various ceramic surface treatments have been developed. Mechanical roughening with a coarse diamond bur 12) , air-abrasion using alumina particles 13) , and chemical etching with hydrofluoric acid 14) have been shown to provide micromechanical interlocking at the ceramic-resin interface. Moreover, it has been reported that the applications of silane coupling agent and acidic functional monomer could produce chemical bonding to silica-based and zirconia ceramic materials [15] [16] [17] . 3-methacryloxypropyl trimethoxysilane (γ-MPTS) is widely used in adhesive dentistry as a silane coupler 18) . Silanol groups, which are the hydrolyzed methoxy groups of γ-MPTS, can interact with hydroxyl groups on a silica-based ceramic surface through siloxane bonds, which are further activated in acidic conditions 15, 19) . On the other hand, the use of acidic functional monomers, such as MDP can play a beneficial role in bonding to zirconia ceramic due to interaction with the hydroxyl groups on the zirconia surface 20, 21) . Therefore, ceramic surface treatment agents generally include γ-MPTS, an acidic functional monomer and solvent (i.e. ethanol), and/or methacrylate monomers into multi or one-bottle solutions. Recently, one-bottle self-etch multi-use adhesives have been developed, which can bond to not only tooth substrates but also various indirect ceramic materials. These adhesive agents contain water, because their self-etching ability is provided by ionization of acidic monomers in water 22) . However, the presence of water with acidic monomer might have activated and hydrolyzed γ-MPTS in the bottle during storage prior to use, leading to deterioration of the silane coupling effect to silica-based ceramic surfaces 23) . A wide selection of possible solutions for ceramic priming is therefore now available to the clinician, which makes selection of the most appropriate solution potentially quite confusing. However, very little published information is available to inform clinicians about how these various surface treatment agents in either multi and one-bottle solutions affect initial and long-term bonding performance of resin cement to various ceramic materials.
The purpose of this study was therefore to evaluate the effects of one and multi-bottle ceramic surface treatment agents on shear bond strengths to silicabased, lithium disilicate and zirconia ceramic materials with and without aging using thermocycling. The null hypothesis was that the surface treatment agents do not affect the shear bond strengths to ceramic materials with or without aging with thermocycling.
MATERIALS AND METHODS
The compositions of the ceramic materials, resin cement, and surface treatment agents used in this study, are listed in Tables 1 and 2 .
Forty-five ceramic plates (length: 10 mm, width: 10 mm, thickness: 2 mm) were prepared from feldspathic ceramic material; AAA (Kuraray Noritake Dental, Tokyo, Japan), lithium disilicate ceramic material; IPS e.max Press (Ivoclar-Vivadent, Schaan, Liechtenstein) and zirconia ceramic material; Lava (3M ESPE, St. Paul, MN, USA). The specimen surfaces were polished using wet 1000-grit silicon carbide (SiC) paper under running water, and then ultrasonically cleaned in distilled water for three minutes and air-dried. Then, each ceramic surface was cleaned with phosphoric acid (K-etchant GEL, Kuraray Noritake Dental) for 15 s, rinsed with water, and air-dried.
Ceramic surfaces were pre-treated with one of five ceramic surface treatment agents; (1) Clearfil PhotoBond (Kuraray Noritake Dental) mixed with Clearfil Porcelain Bond Activator (Kuraray Noritake Dental) (PB), (2) Clearfil SE One (Kuraray Noritake Dental) mixed with Clearfil Porcelain Bond Activator (Kuraray Noritake Dental) (SO), (3) Ceramic Primer (Kuraray Noritake Dental) (CP), (4) Universal Primer (Tokuyama Dental, Tokyo, Japan) (UP), (5) Scotchbond Universal Adhesive (3M ESPE) (SU), according to the manufacturer's instructions. After the surface treatments, a micro-bore Tygon tube (Saint-Gobain Performance Plastics, Nagano, Japan) with an internal diameter and height of 0.8 and 0.5 mm, respectively, was placed on each ceramic surface to prepare the resin cement cylinder. Equal lengths of Clapearl DC (Kuraray Noritake Dental) pastes were mixed for 30 s and then resin cement was carefully filled into the tube, followed by light curing for 40 s (Optilux 501, Kerr, Middleton, WI, USA). Four resin cement cylinders were bonded to different locations on each ceramic surface. After light curing, the Tygon tubing was carefully removed using a sharp blade. Then, the specimens were immersed in distilled water at 37 o C for 24 h. After water storage, the cemented specimens were subjected to 0, 5,000 and 10,000 thermocycles between two water baths of 5 and 55 o C with a dwell time of 30 s at each temperature extreme (thermocycling K178, Tokyogiken, Tokyo, Japan) prior to micro-shear bond strength test.
Before the test, all the ceramic/resin interfaces were checked under a Swept Source Optical Tomography (SS-OCT, Santec, Aichi, Japan) for bonding defects. The cylinders that showed apparent interfacial gap formation, bubble inclusion or any other defects were excluded and replaced by another. Twelve sets of ceramic/resin cements were used for each test group. The specimens were attached to the testing device (EZtest 500N, Shimadzu, Kyoto, Japan) and subjected to micro-shear bond testing at a crosshead speed of 1 mm/ min, as previously described by Shimada et al 24) . After testing, the fractured specimens were observed under light microscopy (Nikon SMZ1000, Nikon, Tokyo, Japan) at 9× magnification for failure mode determination. The mode of failure was classified as follows: cohesive failure within ceramic material; interfacial failure; mixed failure with ceramic material and interface; mixed failure with interface and cement; cohesive failure within cement. Non-parametric statistical tests were performed since the data were not normally distributed and there were inequalities in the variances. The micro-shear bond strength data were statistically analyzed using the Kruskal-Wallis rank test and subjected to multiple paired comparisons using the Wilcoxon rank sum test with Bonferroni correction to avoid an accumulation of errors due to multiple comparisons. All statistical analyzes were performed at a significant level of 5% using PASW version 18 (SPSS, Chicago, IL, USA). Statistical analysis of the failure modes was performed using the Kruskal-Wallis rank test. For this, each failure mode was given a score from 1 to 5 prior to statistical analysis 23, 25) . A score of 1 was given for interfacial failure, a score of 2 for mixed failure with interface and cement, 3 for mixed failure with ceramic material and interface, 4 for cohesive failure within cement; and 5 for cohesive failure within ceramic material. The higher the score, the stronger was the bond 23, 25) .
RESULTS

Micro-shear bond strength
The samples of SU with 5,000 and 10,000 thermocycles and UP with 10,000 thermocycles groups all de-bonded before testing. Their groups were excluded from the statistical analyses. The means of micro-shear bond strengths and standard deviation values for all groups are presented in Table 3 . The result of the Kruskal-Wallis rank test revealed that the factors of ceramic materials, ceramic surface treatment agents, and thermocycle aging applications had significant effects on bond strength (p<0.001, p<0.001, and p<0.001, respectively). For AAA, PB exhibited significantly higher initial bond strength than SO, CP and UP (p<0.05) and SU had significantly lower initial bond strength than SO, CP and UP (p<0.05). After 5,000 thermocycles, all ceramic surface treatment agents significantly reduced in bond strength (p<0.05). After 10,000 thermocycles, CP and UP further decreased in bond strength (p<0.05).
For e.max, SU exhibited significantly lower initial bond strength than PB, SO, CP and UP (p<0.05). After 5,000 thermocycles, PB, SO, CP and UP significantly reduced in bond strength (p<0.05). After 10,000 thermocycles, CP further reduced in bond strength (p<0.05). For Lava, UP exhibited lower initial bond strength than PB, SO, CP and SU although there were no significant differences between UP and PB, and between UP and CP (p>0.05). After 5,000 thermocycles, all the ceramic surface treatment agents except PB significantly reduced in bond strength (p<0.05). After 10,000 thermocycles, UP further reduced in bond strength (p<0.05).
Failure mode analysis
The percentages of failure mode patterns for all groups are shown in Fig. 1 . For AAA and e.max, SU specimens failed at the adhesive interface with and without thermocycling. For AAA, a mixed failure with ceramic material and interfacial failure and cohesive failure within ceramic material mainly occurred in PB, SO, CP, and UP with and without thermocycling. For UP, interfacial failure specimens significantly increased with increasing number of thermocycles. For e.max, interfacial failure specimens increased with increasing number of thermocycles in PB, SO, CP, and UP. For Lava, a mixed failure with interfacial failure and cement mainly occurred in PB, SO, CP, and SU with and without thermocycling, while UP showed predominantly a mixed failure with interfacial failure and cement and an interfacial failure.
DISCUSSION
The null hypothesis of this study that ceramic surface treatment agents do not affect the bond strength to three kinds of ceramic materials (feldspathic porcelain ceramic, lithium disilicate ceramic and zirconia ceramic) with or without thermocycling was rejected.
In the presence of acidic functional monomer, the methoxy groups of γ-MPTS is rapidly hydrolyzed to silanol groups, which can react with hydroxyl groups of the silicon oxide through the formation of siloxane bonds 15, 19) . For silica-based ceramic materials, the application of silane coupling agent including γ-MPTS enhances the resin-ceramic bond due to the formation of a chemical interaction with siloxane bonds and increases the wettability of the ceramic surface 15, 26) . The silane coupling agent of PB is composed of a γ-MPTS solution (Clearfil Porcelain Bond Activator) and a dual-cure adhesive agent (PhotoBond) with the acidic functional monomer, MDP. Foxton et al. reported that this silane coupling agent (PB) had superior initial bond strength to feldspathic porcelain blocks 27) . In this study, PB, SO and UP had superior bond strength to AAA of feldspathic porcelain ceramic and e.max of lithium disilicate ceramic. SO and UP are composed of two separate solutions, in which one contains acidic monomer and the other contains γ-MPTS. In order to efficiently chemical-activate γ-MPTS on the ceramic surface, it might be beneficial to prepare γ-MPTS and acidic functional monomer in separate solutions and to mix them just before the application to the ceramic surface. On the other hand, for CP, which contains both γ-MPTS and acidic functional monomer in one bottle but not water, bond strengths to AAA and e.max were similar to SO and UP. This result would indicate that γ-MPTS in CP functioned effectively on the ceramic surface. The γ-MPTS in the one-bottle without water would not be activated and hydrolyzed during storage. PB and UP also do not contain water as an ingredient. Therefore, any residual surface adhering water on the ceramic surface would initially ionize acidic functional monomer, which could activate γ-MPTS on ceramic surface.
SU is a one-step multi-use self-etch adhesive, which contains MDP, HEMA, γ-MPTS and water into a single bottle. When a silane coupling agent including γ-MPTS was manufactured together with an acidic solution in a single bottle, shelf-life was reported to reduce due to hydrolysis reactions 28) . In this study, SU exhibited much lower bond strengths to the silica-based ceramic materials, AAA and e.max, than the other surface treatment agents, in which all the specimens failed at the adhesive interface. Additionally, all the SU specimens to e.max debonded during 5,000 and 10,000 thermocycle aging. Kalavacharla et al. reported that applying a mixture of Rely X ceramic primer and SU gave higher bond strengths to e.max, which is a silica-based ceramic, than only applying SU regardless of HF etching and recommended that silane should always be applied to silica-based ceramic materials prior to applying the universal adhesive 18) . These results indicate that the γ-MPTS in SU would have become hydrolyzed and deteriorated in the single bottle by the presence of water with MDP and not be effective in optimizing bonding to silica-based ceramic materials.
For zirconia, it is considered that the hydrophilic hydroxyl group moiety in the acidic functional monomer could interact with the hydroxyl groups of zirconium oxide through Van der Waals forces or hydrogen bonds, resulting in good bond strengths 20, 21, 29) . In this study, the surface treatment agents (PB, SO, CP and SU) containing the phosphate monomer, MDP, exhibited higher bond strengths to the zirconia material, Lava, than UP with Mac-10, which is a carboxylate monomer. A previous study demonstrated that Bistite II cement with Mac-10 significantly reduced in bond strength to zirconia material following water storage, while Panavia F 2.0 cement with MDP maintained initial bond strength 30) . These results would indicate that MDP could contribute to an improvement in bonding efficiency to a zirconia surface.
The durability of the resin cement/ceramic bond can be evaluated in vitro by long-term water storage and/or thermocycling 11, 31) . Long-term water storage evaluates the resistance of the adhesive bond to hydrolytic degradation 32) . It was reported that PB, which contains a hydrophilic monomer, HEMA, but not water, maintained bonding performance to feldspathic porcelain blocks after long-term water storage, whereas a silane coupling agent using a self-etching primer with HEMA/water in the Clearfil Linerbond 2V system exhibited reduced bond strengths over time 27) . The susceptibility of the resin cement/ceramic bond to hydrolytic degradation was due to the presence of HEMA and water 27) . SO and SU are one-step self-etch adhesives containing HEMA/water. For SO and SU, water incorporated in HEMA does not completely evaporate and residual water and HEMA molecules might have interfered with siloxane bond formation and rendered the resin cement/ ceramic bond susceptible to hydrolytic degradation after long-term water storage 27) . Additionally, the high hydrophilic properties of one-step self-etch adhesives results in increased water sorption over time 33) , which decreases the mechanical properties of the adhesive polymers 34) and degrades bonding stability to restorative materials as well as tooth substrates 35) . In this study with thermocycle aging, the bond strengths with any of the surface treatments to all the ceramic materials significantly decreased after 5,000 themocycles, except for the PB group to Lava. These results are in agreement with previous studies 32, 36) . The thermocycling test uses differences in the thermal coefficients of expansion of the ceramic and luting cements to stress the adhesive interface, and tests bonding durability by simulating the changes in intraoral temperature 31, 37) . For e.max in the PB, SO, CP and UP groups, the interfacial failure specimens increased with the number of thermocycles. The reduction of resin-ceramic bond strength by thermocycle aging can be explained by the fact that resin cements initially formed their binding forces through chemical bonds to ceramic materials but then these bonds subsequently weaken due to deterioration of the cements through thermocycle stress 32) . Choosing a higher number of thermocycles is essential to estimate the bonding durability. On the other hand, no evidence of the number of cycles likely to be experienced in vivo has been found, but a provisional estimate of approximately 10,000 cycles per year is suggested 38) . In this study, there were no significant differences in bond strengths of PB and SO to all the ceramic materials and SU to Lava between 5,000 and 10,000 thermocycles. On the other hand, CP and UP exhibited further reductions in bond strength to all the ceramic materials, except for the CP group to Lava, after 10,000 thermocycles. Additionally, for the UP group to e.max, 10,000 thermocycles caused premature failures in all the specimens prior to the bonding test. PB is a silane coupling agent mixed with dual-cure adhesive, and SO and SU agents contain photopolymerization initiators. Therefore, PB, SO and SU could be photo-polymerized with the resin cement (Clapeal DC) of 0.5 mm height cylinder by photo irradiation from the top of the resin cement. On the other hand, CP and UP do not contain polymerization catalysts. The polymerization behavior of resin cement and silane coupling agents on the ceramic surface would affect bonding durability after thermocycle aging. The ceramic surface treatment with γ-MPTS and acidic functional monomer would probably change surface pH and remaining H + ions on the ceramic surface after air-drying 19, 39) . A previous report has demonstrated a polymerization incompatibility of one-step self-etch adhesive with chemical-cure resin composite on dentin surfaces 40) . A ceramic surface treatment agent containing acidic functional monomer with γ-MPTS might also induce polymerization incompatibility with chemicalcure resin cement at the ceramic interface, leading to reduction of the bonding stability. Additional application of a bonding agent after CP and UP treatment might be to improve the bonding stability of chemical-cure/dualcure resin cement. Further research is required on the bonding performance and polymerization behavior of resin cement with photo-and chemical-curing modes on a ceramic surface treated with a surface treatment agent containing acidic functional monomer with γ-MPTS.
CONCLUSIONS
Within the limitations of this study, it was concluded that the one-step self-etch universal adhesive, SU, which contains water as an ingredient, exhibited lower bond strengths to the silica-based ceramic materials, AAA and e.max than the multi-bottle ceramic surface treatment agents PB, SO and UP and the one-bottle ceramic surface treatment agent without water, CP.
For the zirconia ceramic material, Lava, PB, SO, CP and SU containing MDP exhibited higher bond strengths than UP with a different acidic functional monomer. 5,000 thermocycles reduced bond strengths to all the ceramic materials with any surface treatment, and for CP and UP without a polymerization catalyst, the bond strengths reduced again after 10,000 thermocycles.
